Bacterial plasmids contain specific genes for resistances to toxic heavy metal ions including Ag+, AsO2, AsOl, Cd2+, Co2+, CrO42,, Cu2+, Hg2+, Ni2+, Pb2+, Sb3+, and Zn2+. Recent progress with plasmid copper-resistance systems in Escherichia coli and Pseudomonas syringae show a system of four gene products, an inner membrane protein (PcoD), an outer membrane protein (PcoB), and two periplasmic Cu2+-binding proteins (PcoA and PcoC). Synthesis of this system is governed by two regulatory proteins (the membrane sensor PcoS and the soluble responder PcoR, probably a DNA-binding protein), homologous to other bacterial two-component regulatory systems. Chromosomally encoded Cu2+ P-type ATPases have recently been recognized in Enterococcus hirae and these are closely homologous to the bacterial cadmium efflux ATPase and the human copper-deficiency disease Menkes gene product. The Cd2+-efflux ATPase of gram-positive bacteria is a large P-type ATPase, homologous to the muscle Ca2+ ATPase and the Nal/K+ ATPases of animals. The arsenic-resistance system of gram-negative bacteria functions as an oxyanion efflux ATPase for arsenite and presumably antimonite. However, the structure of the arsenic ATPase is fundamentally different from that of P-type ATPases. The absence of the arsA gene (for the ATPase subunit) in gram-positive bacteria raises questions of energy-coupling for arsenite efflux. The ArsC protein product of the arsenic-resistance operons of both gram-positive and gram-negative bacteria is an intracellular enzyme that reduces arsenate [As(V)I to arsenite [As(lIl)I, the substrate for the transport pump. Newly studied cation efflux systems for Cd2+, Zn2+, and Co2+ (Czc) or Co2+ and Ni2+ resistance (Cnr) lack ATPase motifs in their predicted polypeptide sequences. Therefore, not all plasmid-resistance systems that function through toxic ion efflux are ATPases. The first well-defined bacterial metallothionein was found in the cyanobacterium Synechococcus. Bacterial metallothionein is encoded by the smtA gene and contains 56 amino acids, including nine cysteine residues (fewer than animal metallothioneins). The synthesis of Synechococcus metallothionein is regulated by a repressor protein, the product of the adjacent but separately transcribed smtB gene. Regulation of metallothionein synthesis occurs at different levels: quickly by derepression of repressor activity, or over a longer time by deletion of the repressor gene at fixed positions and by amplification of the metallothionein DNA region leading to multiple copies of the gene. -Environ Health Perspect 102(Suppl 3):107-1 13 (1994).
Introduction
Bacterial mechanisms for resistances to toxic heavy metals have become a mature scientific subject over the last 20 years. Highly specific systems exist for most toxic cations and oxyanions ( Figure 1 ). The genes determining these resistances are generally (but not always) found on bacterial plasmids. Heavy-metal resistance mechanisms were recently reviewed in Plasmid with articles on mercury resistance (1), the most thoroughly understood of bacterial resistance systems (2, 3) and on resistances to arsenic (4) , copper (5), cadmium (6) , chromate, silver, and tellurite. Here, we have reviewed five less familiar bacterial heavy-metal resistance systems.
Bacterial Plasmid CopperResistance Systems
Bacterial plasmid copper-resistance systems have been found on plasmids in Escherichia coli (5, 7) and Pseudomonas syringae (8) and on the chromosome of Xanthomonas campestris (8) . It was thought that the basic mechanism of resistance might be different in E. coli and in Pseudomonas (3, 5) .
However, new DNA sequence analysis of the E. coli plasmid determinant has shown that the systems are basically equivalent and consist of four structural genes, now called pcoA, pcoB, pcoC, and pcoD in E. coli, and copA, copB, cop C, and copD in Pseudomonas (7) . The Pseudomonas and E. coli systems both have paired regulatory genes, with an apparently membranebound Cu2+ sensor (the pcoS or copS gene product) coupled with the pcoR or copR gene products that may be DNA-binding repressor proteins (5, 7) . The genes and their protein products are summarized in Figure 2 , along with the percentages for Plasmid Heavy Metal Resistance Systems and Mechanisms. 1 . mer. Mercury and organomercurials are enzymatically detoxified. 2 . ars. Arsenate is reduced to arsenite enzymatically. Arsenite is "pumped" from cells by a membrane protein or a two-component ATPase. Sb(lll) is also a transport substrate. 3. cadA. Cadmium (and zinc) are "pumped" from the cells by a P-type ATPase. 4 . cop. Copper resistance in Pseudomonas and pco. Copper resistance in E coli results from bioaccumulation of copper from the medium and binding by surface proteins. 5 . czc. Cadmium, zinc, and cobalt are "pumped" from the cells by a three-componenet membrance complex that appears NOT to be an ATPase. cnr. Cobalt and nickel are "pumped" from the cells by a related membrane complex that may (after mutation) also pump zinc. 6. chr. Chromate resistance results from reduced cellular uptake but an efflux pump has not been demonstrated. Additional resistance systems await understanding: bismuth, boron, lead, silver, thalium, and tellurium. Figure 2 . Comparison of the genes for copper resistance from an E coli plasmid, an P. syringae pv tomato plasmid and the chromosomal determinant of Xanthomonas campestris pv juglandis. The copABCDRS gene products (9, 12) and the pcoR gene product (5) (10) . However, it is surprising that the copper-resistance systems from P. syringae and E. coli are more similar (Figure 2) Regulation of the copper resistance determinants is also under study. Thus far, the pcoR and pcoS [or copR and copS (12) ] gene products are known only from DNA sequence analysis and the proteins have not be isolated. The sequences are typical of the 100 or so "two-component" regulatory systems that have been identified in bacteria (13) , so there is little doubt of the overall mechanism ( Figure 4 ). PcoS appears to be a membrane protein. It is homologous in sequence to other "sensor" proteins (kinases) (13) that respond to external stimuli by autophosphorylating (from ATP) a specific histidine residue (for PcoS, His257) that is always conserved in this class of membrane sensors. The phosphorylated sensor protein then transfers its phosphate to a specific aspartate residue (Asp52 for PcoR) of the secondary transducer protein (12, 13) . In many cases, the transducer is activated by phosphorylation and binds to the appropriate DNA operator region, to initiate transcription of the operon, for example, here pcoABCD. However, there is a question as to whether PcoR might be a repressor protein that is inactivated (and released from the DNA) by phosphorylation. Furthermore, in the Pseudomonas cop system, there is evidence for a third regulaChromosomal genes The current (and tentative) picture for the cut (for Cu2+ transport) chromosomal gene products involved in uptakei intracellular movement, and efflux of Cu + (3, 5, 7) are also shown in Figure 3 . In E. coli, these genes were initially tagged by mutations leading to copper sensitivity (14) . Only one of the cut genes (cutE) has been cloned and sequenced to date (15) and its sequence does not immediately lead to an explanation of its intracellular role ( Figure 3 ). Comparable cut chromosomal mutations to copper sensitivity have been obtained with Pseudomonas (DA Cooksey, personal communication). The recent identification of a previously sequenced gene for a P-type ATPase in Enterococcus as a cut gene (16) opens the search for comparable Cu2+ efflux ATPases in other bacteria. Furthermore, the human X-chromosome gene responsible for the lethal disease Menkes syndrome appears to determine a P-type ATPase (17) . The discussion of the Menkes gene and bacterial P-type ATPases in the section on Cd2+ resistance below provides further information.
Metallothionein from the Cyanobacterium Synechococcus
A bacterial metallothionein from the cyanobacterium Synechococcus was purified and sequenced (18) . The gene encoding metallothionein is called smtA (19) . Bacterial metallothionein probably represents the independent evolutionary development of the same solution to heavy-metal binding obtained with animal and plant metallothioneins, since the sequence is shorter (only 56 amino acids) and contains fewer cysteine residues (9, compared with 20 out of 60 amino acids for animal metallothioneins, or 12 out of 75 amino acids for plant metallothionein). Unlike animal metallothioneins, the Synechococcus metallothionein contains two aromatic tyrosine residues in the intracysteine-rich region (19) . Synechococcus metallothionein synthesis is regulated by heavy metals such as cadmium and zinc (20) by means of a repressor protein synthesized from a constitutively expressed divergently transcribed gene smtB (20) , (Figure 5) . In addition to rapid response to toxic metals by derepression (20) (25,26). ArsR of the gram-negative plasmid R773 and the gram-positive version from two plasmids (26, 27) (24, 28) . It was hypothesized (23) that an ancestral electrogenic oxyanion system (ArsB) may have acquired through evolution a second ATPase protein component, converting it into a more effective ATPase primary pump. The basic similarity of membrane regions from differing primary and secondary membrane transporters (29, 30 ) is consistent with this idea. In summary, there are still major unresolved questions concerning the mechanism of arsenic resistance.
The next gene common to all three sequenced arsenic resistance determinants is arsB (Figure 6 ), the determinant of the membrane protein that is needed for arsenic efflux. The ArsB proteins from gram-negative and gram-positive bacteria are 58% identical in amino acids. They are so similar in overall sequence that chimeric ArsB proteins with the first third of ArsB from E. coli and two-thirds of Figure  7 ), or by the larger protein thioredoxin reductase and NADPH (Figure 7 ). Since thioredoxin reductase catalyzes an oxidized to reduced dithiol cycle in thioredoxin, it is expected that thioredoxin similarly carries out reduction of an oxidized dithiol [two of the four cysteine residues in staphylococcal ArsC (26, 27) ; however, there are only two cysteines in the E. coli ArsC] and that ArsC protein is oxidized as it reduces arsenate to arsenite (Figure 7) . The picture of the arsenic resistance system given here shows major changes from that reported in 1992 (3, 4 Figure 8 . First, the protein is embedded in the membrane by six hydrophobic sections that presumedly form transmembrane a-helices. These regions are thought to form the transmembrane cation channel. All P-type ATPases are cation-translocating (34) ; some function for uptake (of K+ and Mg2+) whereas others function for efflux (Cd2+ and Ca2+). In each case, the P-type ATPases are thought to be about 75% intracellular, about 20% in the membrane, and with very little extracellular sequence (8) . Positively charged amino acids reside more frequently on the inner membrane surface, whereas negatively charged amino acids are found more often on the outer membrane surface.
There are a number of key conserved positions in P-type ATPases, and in particular in the CadA sequence and candidate human Menkes sequence in Figure 8 . Starting from the amino terminus, the CadA protein has a hypothesized Cd2+-binding motif of perhaps 30 amino acids.
This motif occurs also in the Cd2+ ATPase of Bacillus (35) , twice (back to back) in an unpublished chromosomal Cd2+ resistance determinant in a methicillin-resistant S. aureus (DT Dubin, personal communication), and six times over a 600 amino acid region at the beginning of the gene product for human Menkes disease (17, 36) . This is a striking example ofwhere studies on bacterial model systems have facilitated understanding of human disease (17, 36) (Figure 8) .
Menkes syndrome is a human disease of copper deficiency (37) and the characteristics of the defective cells are consistent with the new hypothesis that Menkes disease patients will be defective in synthesis of a P-type ATPase that is a Cu2+ efflux enzyme, more similar to the bacterial Cd2+ ATPases in sequence than it is to known eukaryotic P-type ATPases (17) .
After the first membrane hairpin, all Ptype ATPases have a region of 150 to 300 amino acids that includes a "phosphatase motif" Thr-Gly-Glu-Ser in CadA or ThrGly-Glu-Ala in the Menkes sequence ( Figure 8 ). This region has been assigned the role of "transducing" the intracellular protein-bound cation to the membrane channel region. The second membrane hairpin appears to be involved in transmembrane cation movement and includes a conserved proline residue in all P-type Figure 8 ends at position Lys727. The Menkes ATPase sequence continues further and ends at Leu1500.
After the sequence of CadA was available (32, 35) , it was found that the second gene transcribed with cadA (called cadC) was necessary for full resistance (38) and that the cadA system is tightly repressed but inducible by toxic cations (39, 40) . It is still unclear whether the cadC gene is directly involved in the resistance mechanism (38) or is involved in regulation (39 (6, 42) . The predicted gene products from DNA sequences show no sign of ATPase motifs (42, 43) . There are preliminary suggestions that the mechanism of energy-coupling may be a chemiosmotic divalent cation/proton antiporter (6, 44) . The primary differences between the two systems appeared to be cation specificity and the nature of gene regulation. New mutations of the cnr system add zinc resistance (and presumedly efflux) (43, 45) to cobalt and nickel resistances; and cnr and czc may be less different than initially thought. As cloned and sequenced, the czc system was found to consist of four genes ( Figure   9 ). The first is czcA, the determinant of a large membrane protein that is thought to be the principal component of the transport system (6), since deletions involving czcA lost all resistances (42) . The smaller membrane (CzcB) and soluble (CzcC) proteins appear to play secondary roles in determining specificity (6, 42) . The fourth gene product, CzcD, is thought to affect regulation of the system, but not resistance directly (6, 42, 44) . More recent sequencing of the "upstream" region of czc and czc-Pgalactosidase fusion experiments (44) indicate that the divergently transcribed czcR gene and czcD cooperate in gene regulation. CzcR may be an activator protein rather than a repressor (44) . Although the paired regulatory proteins CzcD and CzcR are thought to be respectively membrane sensor and DNA-binding responder (6, 44) , these proteins do not fit into the familiar two-component class of kinase-"sensor" plus transphosphorylated "responder" as do PcoR and PcoS of the copper resistance system (above).
The new sequence of the cnr system (43) has yielded a few surprises. First, although the two genetic systems are sufficiently different that their DNAs do not hybridize on Southern blots, the gene products of CzcA (and CnrA), CzcB (and CnrB), and CzcC (and CnrC) are significantly homologous (Figure 9 ). Therefore, it is likely that the two systems will function in a fundamentally similar manner. However, the regulatory regions appear at the moment to be unrelated ( Figure 9 ). The cnr lacks both cnrR and cnrD genes, but has instead three unrelated upstream genes cnr}i cnrR, and cnrH ( Figure 9 ) that appear to be involved in gene regulation (43, 45) . It is the cnrYregion that contains the mutations to constitutive function that also extend the system to zinc resistance (43, 45) . We can look forward to more understanding and possibilities with regard to toxic divalent cation efflux.
